Abstract. Dihydroxyacetone (Dha) kinases are a family of sequence-conserved enzymes which utilize either ATP (in animals, plants and eubacteria) or phosphoenolpyruvate (PEP, in eubacteria) as their source of high-energy phosphate. The kinases consist of two domains/subunits: DhaK, which binds Dha covalently in hemiaminal linkage to the Ne2 of a histidine, and DhaL, an eight-helix barrel that contains the nucleotide-binding site. The PEPdependent kinases comprise a third subunit, DhaM, which rephosphorylates in situ the firmly bound ADP cofactor. DhaM serves as the shuttle for the transfer of phosphate from the bacterial PEP: carbohydrate phosphotransferase system (PTS) to the Dha kinase. The DhaL Cell. Mol. Life Sci. 63 (2006) 890-900 1420-682X/06/080890-11 DOI 10.1007/s00018-005-5518-0 © Birkhäuser Verlag, Basel, 2006 and DhaK subunits of the PEP-dependent Escherichia coli kinase act as coactivator and corepressor of DhaR, a transcription factor from the AAA + family of enhancerbinding proteins. In Gram-positive bacteria genes for homologs of DhaK and DhaL occur in operons for putative transcription factors of the TetR and DeoR families. Proteins with the Dha kinase fold can be classified into three families according to phylogeny and function: Dha kinases, DhaK and DhaL homologs (paralogs) associated with putative transcription regulators of the TetR and DeoR families, and proteins with a circularly permuted domain order that belong to the DegV family.
1,2,3,4-tetrahydropyridine, the product of the 'Hunter reaction' between Dha and L-proline, contributes to the roasty odour of crackers, popcorn and bread crust [8, 9] . Dha is utilized as a carbon source by bacteria and yeasts, and there are several pathways by which free Dha is formed in living cells (Fig. 1) . (i) The yeast Schizosaccharomyces pombe and the bacteria Klebsiella pneumoniae and Citrobacter freundii oxidize glycerol with a soluble NAD + -dependent glycerol dehydrogenase under anaerobic conditions, and Dha is then phosphorylated by a Dha kinase [10] [11] [12] [13] . (ii) Gluconobacter oxydans and related bacteria oxidize glycerol with a membrane-bound, pyrroloquinoline quinone (PQQ)-dependent glycerol dehydrogenase that is connected via ubiquinone to a respiratory chain. The oxidation reaction takes place on the outer face of the membrane, and Dha is released into the medium [14] . Industrial Gluconobacter strains yield up to 220 kg/m 3 of Dha because the dehydrogenase retains activity even after irreversible growth inhibition of cells by Dha [15] . (iii) Methylotrophic yeasts produce Dha during methanol assimilation. In this pathway, methanol is first oxidized to formaldehyde. To this one-carbon compound a two-carbon hydroxyethyl group is then transferred from xylulose-5-phosphate by Dha-synthase, a thiamine pyrophosphate-dependent transketolase [16] [17] [18] [19] [20] [21] . Bacteria, for comparison, utilize other routes to assimilate formaldehyde and its oxidation product CO 2 , namely the ribulose monophosphate (RuMP) cycle, the serine pathway and the reductive pentose phosphate cycle [21, 22] . None of them produces Dha. Only recently have the xylulose monophosphate cycle enzymes also been discovered in a methanol-utilizing carboxydobacterium [23, 24] . Little is known about the metabolic origin and the fate of free Dha in higher eukaryotes and plants. Dha and glyceraldehyde may be formed by slow aldol cleavage of ketopentoses and ketohexoses or ketose monophosphates [25, 26] and by the oxidation of glycerol by NAD + -dependent alcohol dehydrogenases and NADPH-dependent aldehyde reductases [27] . Dha stimulates the secretion of insulin [28] and is utilized as gluconeogenic precursor by mammalian tissues [28] [29] [30] [31] [32] . Dha and pyruvate have been claimed to increase muscle mass and aerobic endurance capacity [33, 34] , and Dha thus made its way also into over-the-counter weight-loss products.
Occurrence and biochemistry of Dha kinases
Dha kinases occur in eubacteria, plants and animals, including humans. There exist two different enzymes with Dha kinase activity: (i) In the narrow sense, Dha kinases that phosphorylate Dha and D-glyceraldehyde (EC 2.7.1.28 and EC 2.7.1.29). Such kinases consist of a Dha binding a/b domain and a nucleotide-binding all a-helical domain. They are the topic of this review. (ii) Glycerol kinases (EC 2.7.1.30) that consist of two structurally homologous a/b domains. They have the binding sites for glycerol and ATP in the cleft between the two domain [35, 36] . Glycerol kinases are less specific, and in addition to Cell. Mol. Life Sci. Vol. 63, 2006 Review Article 891 Figure 1 . Metabolic origins of Dha. Alcohol dehydrogenase (ADH) and Dha-synthase are used by methlylotrophic yeast for the assimilation of methanol. Membrane-bound and soluble glycerol dehydrogenases (GDH) occur in bacteria. Aldolases are ubiquitous. The Dha kinases (DAK and DhaKLM) also phosphorylate D-glyceraldehyde and possibly other short-chain ketoses and aldoses (not shown). Glycerol kinase (GK) and glycerol-3-phosphate deyhdrogenase (G3PDH) are an alternative for the conversion of glycerol to dihydroxyacetone phosphate(DhaP). Triosephosphate isomerase (TIM) interconverts DhaP and glyceraldehyde-3-phosphate (GAP). The rectangular boxes highlight the carbon bond-forming reactions of Dha.
glycerol also phosphorylate Dha and glyceraldehyde [37] [38] [39] [40] . The Dha-specific kinases have been characterized in bacteria [10, 41] and in methylotrophic yeast (for a review see [42] [43] [44] ). They have been purified from yeasts [16, 17, 42, 43, [45] [46] [47] [48] [49] , algae [50] , tomato [51] , rat brain [31] , porcine kidney [52] and from bacteria, viz. C. freundii [10, 41] , K. pneumoniae [13] and E. coli [53] . Dha kinases can be grouped into two structurally related families (Fig. 2) according to their source of high-energy phosphate, namely ATP and phosphoenolpyruvate (PEP). The ATP-dependent kinases occur in yeasts, animals, plants and eubacteria, the PEP-dependent only in eubacteria. The existence of a PEP-dependent kinase was first noticed by Jin and Lin [54] in an E. coli double mutant lacking the ATP-dependent glycerol kinase and the NAD + -dependent glycerol-phosphate dehydrogenase. While looking for an ATP-dependent Dha kinase, they observed that an E. coli ptsI mutant, which lacked EI of the phosphoenolpyruvate:sugar phosphotransferase system (PTS; Fig. 2 ) and therefore did not grow on PTS sugars also no longer grew on Dha (for reviews on the PTS see [55] [56] [57] ). They subsequently isolated a transposon mutant unable to grow on Dha but that grew normally on PTS sugars. The transposon-tagged gene was mapped to 26 min in the E. coli chromosome, termed ptsD and proposed to encode a Dha-specific enzyme II of the PTS [58] . However, this putatively membrane-bound PtsD activity has never been confirmed biochemically. Instead, the operon at 26 min on the E. coli chromosome was found to encode two proteins (DhaK and DhaL) that are homologous to ATP-dependent Dha kinases, and one multidomain protein (DhaM) that is homologous to enzyme I and HPr, two phosphotransfer proteins of the PEP:carbohydrate (PTS) [59] . The DhaK and DhaL subunits were also found as upregulated protein spots in the proteome of an E. coli ptsI (EI) mutant [60] . Both findings confirmed that Jin and Lin indeed discovered a Dha kinase and that this kinase was functionally and genetically associated with the PTS. ATP-dependent Dha kinases are single polypeptide twodomain proteins, while the PEP-dependent forms consist of three subunits, DhaK, DhaL and DhaM (Fig. 2) . DhaK and DhaL are homologous to the amino terminal K-and the carboxy terminal L-domain of the ATP-dependent kinases. DhaK contains the binding site for Dha, and DhaL contains the nucleotide-binding site. DhaM is a phosphohistidine protein that transfers phosphoryl groups from a phosphoryl carrier protein of the PTS (HPr or EI) to the DhaL-ADP complex [53, 61, 62] .
Structure and molecular function of Dha kinases
The structures of the ATP-dependent C. freundii Dha kinase (DAK) and of the homologous DhaK subunit of the E. coli kinase have been solved by X-ray crystallography [62, 63] . The two kinases assume the same fold but differ in details (Fig. 3) . The structure of the C. freundii DAK will serve as a frame of reference for the following discussion. This kinase is a homodimer of two intertwined subunits. Each subunit consists of two domains (K and L), which are connected by a 20-residue-long, extended linker. The domains are swapped such that the amino terminal K-domain of one subunit is complexed with the carboxy terminal L-domain of the other (Fig. 3a) . The amino terminal K-domain consists of two six-stranded a/b folds that together form a three-layered mixed a/b sandwich (Figs. 3a, c) . The core of the first fold consists of a four-stranded open pleated sheet with the same topology as the IIA subunit of the mannose family of the PTS transporters [64, 65] . The core of the second fold has a topology similar to the carboxy terminal domain of the cell division protein FtsZ. The K-domain provides the dimerization interface consisting of two pairs of helices. The substrate, Dha, is bound covalently in hemiaminal linkage to the K-domain (Fig. 4a ). The C-N bond is formed between the carbonyl carbon of Dha and the imidazole ring (Ne2) of His-220, and the hemiaminal is stabilized by a hydrogen bond between the geminal hydroxyl group and Ne2 of His-61. Dha is oriented by additional hydrogen bonds extending from the C1-and C3-hydroxyl groups of Dha to the g-carboxyl group of Asp-114 and to the main chain amide of Gly-59. There is no evidence for a role of the hemiaminal in covalent catalysis [66] . Rather, hemiaminal formation is a 'clever strategy' to discriminate between a short-chain carbonyl compound (Dha or glyceraldehyde) that can form a hemiaminal and the isosteric alcohol (glycerol) that cannot form such a covalent bond. The E. coli Dha kinase, in fact, is not inhibited even by as high as 2 M glycerol [66] . The carboxy terminal L-domain of the C. freundii DAK (Fig. 3a) consists of an eight-stranded a-helical barrel of regular up-down topology [62] with the nucleotide-binding site in a shallow depression at the narrow end of the barrel. This fold is novel and unlike any other kinase with known structure (for reviews see [67, 68] ). The hydrophobic interior of the barrel is filled with a phospholipid molecule which was retained during all purification steps. The lipid headgroup protrudes from the wider end of the barrel, where it is accessible to phospholipase D, and the lipid can be removed with a mild detergent. Detergent-washed Dha kinase remains active, suggesting that the lipid plays no role in catalysis but may stabilize the structure of the barrel. The four helix-connecting loops at the narrow end of the barrel form the side wall of the ATP-binding site. The first and second loops embrace the phosphate groups of ATP, the third contacts the adenine base. The fourth loop, which is disordered in the C. freundii structure, most likely forms a flexible cap over the binding site. The three phosphate groups of ATP are coordinated by two Mg 2+ ions, which in turn are complexed by three g-carboxylates from aspartates in the first loop (Fig. 4b) . This novel ATP-binding site differs in two aspects from those of other nucleotide-binding proteins Cell. Mol. Life Sci. Vol. 63, 2006 Review Article [62] . Numbers refer to residues of the C. freundii kinase, numbers in parenthesis to the E. coli kinase. H38 is invariant in the DhaL subunits of PEP-dependent kinases, T388 is conserved in most ATP-dependent kinases.
and protein kinases [69, 70] . First, the four loops are centred between a-helices and not in b-hairpins or b-a loops. And second, the loops do not contain aromatic residue or carboxy terminal lysines, which in the other ATP-binding proteins are in contact with the nucleotide. The binding sites for Dha and ATP are 14 Å apart in the crystal structure (Fig. 3a) and it is not clear how they reorient for in-line phosphoryltransfer. One way of bringing ATP and Dha together is that the two domains are freely mobile in solution [62] . Another possibility is tilting of the nucleotide-binding site by a shear deformation of the helix bundle along the barrel axis combined with the elliptical compression of the barrel in the direction of the K-domain. The DhaK subunit of the PEP-dependent E. coli Dha kinase assumes the same fold as the C. freundii counterpart [63] . The only obvious difference is a b-ribbon of 25 residues inserted in the carboxy terminal subdomain of E. coli DhaK. The b-ribbon folds back to cap the edge of the b-sheet in the amino terminal a/b fold (Fig. 3b) . It has been proposed that b-ribbons prevent the association between hydrophobic edge strands and concomitant protein aggregation [71, 72] . The b-ribbon is present only in a small subgroup of PEP-dependent Dha kinases, which utilize large multidomain DhaM subunits as phosphorylgroup donors (see below). The E. coli DhaL subunit is expected to assume the same fold as the L-domain of DAK (Fig. 3a) . DhaL also binds a nucleotide, which, however, is retained during all purification steps. The exchange half-life of ADP in complex with DhaL is 100 min, five times the generation-time of a fast growing E. coli! And the removal of the nucleotide by sequestration of Mg 2+ with EDTA reduces the thermal unfolding temperature of DhaL from 65 to 40°C [61] . ADP is not exchanged for ATP in E. coli DhaL -unlike in any other kinase with known function -but is rephosphorylated in situ by the DhaM subunit. The nucleotide no longer is a substrate of DhaL but a coenzyme with the function of a phosphoryl group binding amino acid. This conversion of a substrate-binding site into a cofactor-binding site is a remarkable example of functional evolution [61] . DhaM is the third subunit of PEP-dependent Dha kinases [53] . In most species DhaM consists of a single domain that is homologous to the amino terminal domain of the IIAB Man subunit of the E. coli mannose transporter [64, 73, 74] . Occasionally and as shown below, DhaM contains additional domains similar to the phosphotransferase subunits HPr and enzyme I of the PTS [64, 73, 74] .
Control of dha operon transcription by Dha kinases
DhaK and DhaL homologs also occur in operons for putative transcription factors. These operons are adjacent and often divergently oriented to bona fide dha operons suggesting that they control Dha kinase expression. The molecular mechanisms by which Dha kinase subunits function as coactivators of transcription has been elucidated in E. coli (Fig. 5) . Genetic and biochemical studies showed that the dha operon is controlled by DhaR and the two kinase subunits DhaK and DhaL [60, 75] . DhaR belongs to the family of enhancer-binding proteins (EBPs) that activate the sigma RNA polymerase complex by direct contact and by causing DNA looping [76] [77] [78] . EBPs usually consist of three domains, a DNA-binding, a AAA + ATPase and a receiver domain for low-molecular and protein ligands. E. coli DhaR stimulates the transcription of the dha operon from a s70 promoter and autorepresses transcription of the dhaR gene. DhaK and DhaL antagonistically act as corepressor and coactivator of DhaR (Fig. 5 ). In the presence of Dha, when the phosphoryl group is transferred from DhaL::ATP to Dha, the now dephosphorylated DhaL::ADP binds to the DhaR receiver domain and activates the expression of the dha operon. In the absence of Dha, DhaL::ADP is rephosphorylated by DhaM to DhaL::ATP, which does not bind to DhaR. If DhaM or EI are inactivated by a mutation DhaL::ADP remains in the dephosphorylated state and the dha operon is expressed constitutively [60, 75] . DhaK competes with DhaL for binding to DhaR and thus tunes down the effect of DhaL::ADP. Therefore transcription of the dha operon overshoots when DhaK and DhaM or DhaK and EI are inactivated together [60, 75] . The novelty of this mechanism is (i) the formation of a complex between a transcription factor and two enzyme subunits and (ii) the coupling of transcription activation with turnover and not only binding of the substrate. The dou- 
Distribution and phylogeny of Dha kinases
A protein-protein BLAST (blastp at NCBI) with DhaK (DhaL) of E. coli as the input generated 169 (161) hits from 115 (117) bacterial species and 70 (56) hits from 39 (34) eukaryotes. With the single-domain DhaM (Q9CIV6) of L. lactis as input, the output contained 87 hits from 78 bacterial species and none from eukaryotes. 60 hits from bacterial and eukaryotic species were selected for closer inspection and classified into three families (1-3) according to the organization of the operon, the subunit composition of the gene product (Fig. 6 ), the phylogenetic relationship (Fig. 7) and the predicted function: (i) Dha kinases, (ii) DhaK and DhaL homologs (paralogs) associated with putative transcription regulators and (iii) proteins of unknown function with circularly permuted domain order. The kinase family (i) can be further divided into four groups (a-d, Figs. 6 and 7): (a) Single-subunit ATP-dependent Dha kinases like the C. freundii kinase described above. This group also includes all Dha kinases of yeasts, plants and animals (EC 2.7.1.28) and the triokinases (EC 2.7.1.29), which were defined based on their specificity for glyceraldehyde but probably are not an enzyme class of their own. The C. freundii kinase displays more sequence identity (40%) with human than with the yeast (Pichia pastoris) kinases (30%). Altogether the yeast kinases form a large, separate branch within group A, which for lack of space has been omitted from Figure 7 . dent kinases, but which by their sequence are more similar to the PEP-dependent forms. The bacterial strains encoding such 'incomplete' Dha kinases often also contain only a reduced PTS with genes for homologs of EI, HPr and IIA proteins [80] but not for carbohydrate transporters (enzymes II). The function of these incomplete kinases and whether other IIA-like proteins can complement the missing DhaMs is not known. The second family of DhaK and DhaL paralogs associated with transcription regulators (DhaRs) of the TetR and DeoR families has been described above. They form a small branch of their own within the D group (not shown in Figure 7) . The 'regulatory' orthologs (termed DhaQ) from different strains are more closely related to each other (50-65% sequence identity) than to the catalytic DhaK paralogs (identity 40-45%). It thus appears that the duplication and the functional diversification of the ancestral dhaK gene preceded the evolutionary separation of the modern carriers of these paralogous genes. The third family comprises the DegV-like proteins (Pfam accession number 02645), whose function is not known. They have a circularly permuted domain order. The fold of the amino terminal domain is similar to DhaL. The fold of the carboxy terminal domain is similar to the fatty acid binding protein TM841 of Thermotoga maritima (PDB code 1MGP [81] ), and TM841 in turn shares the core fold with DhaK [62, 63] , as shown in the topological diagrams of Figure 3c . The difference between DhaK and TM841 lies in two extra secondary structure elements and in the chemistry of their ligand binding sites. TM841 and -by prediction -the carboxy terminal domains of DegV proteins have an extra a/b fold inserted between b2 and a2 of the core, while DhaK has two extra b-strands and one a-helix (a dimerization helix) appended to the amino terminus. The ligands, Dha in DhaK and a fatty acid in TM841, occupy the same binding pocket and are both hydrogen bonded to the first topological switch point of the amino terminal a/b subdomain. The residues, involved in ligand binding are, however, different. It is not known whether the DhaL-like domain of DegV proteins has kinase activity or what the substrate and molecular function of the DhaK-like domain might be.
Biological function of Dha kinases and open questions
While the structure and molecular function of the PEPdependent E. coli Dha kinase and of the ATP-dependent C. freundii kinase are reasonably well understood, much less is known about the physiological role of Dha kinases in living cells. Two well-characterized functions, namely (i) catabolism of glycerol and (ii) methanol assimilation (methylotrophy), have been described above (Fig. 1) . Two additional functions (iii) detoxification (chemical stress response) and (iv) control of gene expression will be discussed in this section. Glyceraldehyde and Dha can crosslink proteins and by autooxidation produce superoxide radicals [82, 83] , and Dha has been shown to enhance the mutation rate in SOD-deficient E. coli [84] [85] [86] . Molin et al. [87] demonstrated that Dha is toxic to Saccharomyces cerevisiae and that detoxification is dependent on a functional Dha kinase. Deletion of the two genes for Dak1p and Dak2p made cells hypersensitive, while overexpression made them more tolerant to Dha. Dha toxicity was dependent on cosubstrates and salt conditions, which led to the proposition that detoxification of Dha might be a part of the physiological response to Dha-dependent stress conditions. It is therefore reasonable to assume that Dha kinases clean up the short-chain carbonyl compounds that may be formed as side products of the carbohydrate metabolism (aldol cleavage of ketohexoses and ketopentoses or oxidation of glycerol). The rate of Dha formation by non-specific oxidation may be increased in organisms that under osmotic stress accumulate glycerol in high concentrations [88, 89] . Owing to hemiaminal formation, Dha kinases can remove traces of Dha even in the presence of an excess of glycerol [66] , which glycerol kinases, for comparison, cannot. The substrate spectrum of some 'Dha kinases' may be broader than suggested by most of the published reports. A recent and unexpected finding is that FMN-cyclase, an enzyme that catalyses the formation of cyclic FMN (riboflavin 4¢,5¢-cyclic phosphate) from FAD, is identical with the human Dha kinase (SWISS-Prot Q3LXA3, Q9BVA7) [90] . Cyclase and kinase activity were copurified from rat liver extracts as well as with the human recombinant protein. Kinase activity was six times stronger than cyclase activity, but FAD, ATP and Dha were mutually competitive inhibitors [90] . While the ADP moiety of FAD in principle can be accommodated in the nucleotide binding site, it is not clear at all how the riboflavin moiety can bind to the L-or K-domain. The physiological role of Dha kinases in transcription control is still far from understood. One answer may be found in bacteria that contain both a PEP-dependent and an ATP-dependent kinase, for instance Escherichia blattae [91] , K. pneumoniae, Streptomyces coelicolor and probably also C. freundii. DhaR of E. coli controls not only the expression of the E. coli but also of the C. freundii kinase [75] , suggesting that the PEP-dependent form functions as 'sensor kinase' for the control of the ATP-dependent 'metabolic kinase'. A further hint that this sensor kinase may also control other biological processes is provided by the 20-kb genetic island of meningitic E. coli K1 (GimA) [92] . This island contains among others the ibeA virulence gene (invasin) that contributes to the pathogenesis of E. coli meningitis, three genes for a PEP-dependent Dha kinase (ptnC, ptnK, ptnP) and the gene ibeR for a homolog of the E. coli DhaR. Of all the potential promoter/ Cell. Mol. Life Sci. Vol. 63, 2006 Review Article 897 operator sequences on GimA, the putative promoters of ibeA (Q9FCY5) and ptnC (Q8VP37) display the strongest similarity to the promoter/operator region of the E. coli dha operon [75] . It is therefore possible that IbeR controls the ibeA virulence gene and that the PEP-dependent Dha kinase serves as the sensor for an environmental stimulus at the blood-brain barrier. However, this hypothesis has not yet been tested.
